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We report a new additive, monobasic potassium arsenate (KH2AsO4), for improving the thermal stability of VFB catholytes. Using our
standard accelerated testing methodology at 30–70°C, we showed that the effect increases continuously with increasing concentration
of arsenate over the range investigated (0 – 0.10 mol dm−3). In comparison to similar experiments with phosphate (H3PO4), the
magnitude of the effect was greater for arsenate. A combination of arsenate and phosphate was also effective. Based on these results,
we speculate that other Group-V elements in the +5 oxidation state may also stabilize VFB catholytes.
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There is much interest in redox flow batteries for large-scale elec-
trical energy storage.1–3 Among many systems studied, the vana-
dium flow battery (VFB), is commonly regarded as one of the
most promising.2,4 This system is perhaps the most thoroughly
characterized5 and has seen the widest commercial deployment. Ac-
tive areas of research include cell design and modelling,2 perfor-
mance and state-of-charge (SoC) monitoring,6,7 coulombic and energy
efficiencies,8 electrolytes,9–16 membranes,17 and electrodes.18–21
The rather poor thermal stability of the catholyte in the charged con-
dition limits VFB performance. At the pH of typical VFB catholytes,
the solubility of V2O5 is ∼0.1 mol dm−3.22 Therefore VO2+ is ex-
pected to be thermodynamically unstable in solution with respect to
precipitation as V2O5. Nevertheless, catholytes with high concentra-
tions of VV (>1.5 mol dm−3) in sulphuric acid can persist for very long.
Recently we reported a quantitative study of the stability of additive-
free sulfate-based VFB catholytes.10–12 We showed that precipitation
of V2O5 occurs after an induction time that has an Arrhenius-type de-
pendence on temperature and on this basis developed a robust method-
ology for the assessment of catholyte stability and a comprehensive
model of stability for additive-free catholytes.
It has been reported3,13–16 that certain additives can improve the
thermal stability of VFB catholytes. A great many additives have been
suggested16 but evidence of their effectiveness is scarce. It is likely
that most of these have little, if any, effect and/or are short-lived in
the catholyte’s acidic and oxidizing environment. Even in the case of
additives where clear evidence of an improvement in catholyte stability
has been reported, there is a lack of detailed quantitative studies or
models.
In this paper, we report a new additive, KH2AsO4, for the stabiliza-
tion of VFB catholytes and use our stability assessment methodology
to quantify its effects and show that it is more effective than H3PO4.
Experimental
Solutions of VIV were prepared from VOSO4 and H2SO4 (vana-
dium (IV) sulfate hydrate 97% and sulphuric acid 98% (Sigma-
Aldrich)). Stock solutions of VV were prepared by electrochemical
oxidation of VIV solution in a flow cell at room temperature (∼20°C)
using carbon felt electrodes and Nafion membrane. End-points were
determined by monitoring potential (using 1.3 V vs Ag/AgCl at 10 mA
cm−3 as end point) and confirmed by catholyte color. The VV stock
solutions were stored at ∼4°C and used to prepare series of other con-
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centrations of VV by dilution with known concentrations of H2SO4. Ar-
senate was added in the form of KH2AsO4 (Sigma-Aldrich), and phos-
phate in the form of H3PO4 (Merck). Because samples were relatively
small (∼10 cm3), volumes were measured by weighing and converting
to volume by accurately measured densities. Vanadium concentrations
were determined against standard 0.1 N KMnO4 (Fisher-Scientific)
and H2SO4 and H3PO4 concentrations against standard 0.1 N KOH
(Sigma-Aldrich). Water was distilled and deionized to a resistivity of
>18 MΩ cm.
Catholyte stability was determined using our standard accelerated
testing methodology.10–12 Briefly, in a typical experiment 0.8 cm3 sam-
ples of the catholytes to be tested are placed in small glass vials which
are immersed in a thermostatic water bath at a selected temperature.
The time that elapses from immersion to when precipitation is first
observed in each of the separate vials gives the induction time for
precipitation.
Results and Discussion
The effect of added arsenate on the stability of VV catholytes was
investigated using our standard accelerated testing methodology at
temperatures in the range 30–70°C. At each temperature investigated
the induction time for precipitation was measured for concentrations of
arsenate (KH2AsO4) from 0 (i.e. additive-free) to 0.10 mol dm−3. The
measured induction times are plotted against concentration of additive
in Fig. 1. A log-linear scale is used in order to show the values at each
temperature on a single plot (values of induction time range from
∼12 minutes to 8 months). It can be seen that addition of the arsenate
has a dramatic stabilizing effect on the catholyte. For example, at 45°C
the additive-free catholyte precipitates after 17.9 hours but the addition
of 0.040 mol dm−3 arsenate increases this to 164 hours (a factor of 9.2)
while the addition of 0.10 mol dm−3 increases it to 261 hours (a factor
of 14.6). Likewise at 70°C the additive-free catholyte precipitates after
∼12 minutes but the addition of 0.040 and 0.10 mol dm−3 arsenate
increases this time to 40 minutes and 1.54 hours (factors of 3.3 and
7.7), respectively.
The effect of added phosphate (H3PO4) was similarly investigated.
The results are shown in Fig. 2. In agreement with previous reports,14,15
it can be seen that the addition of phosphate has a strong stabilizing
effect on the catholyte. From Fig. 2 we see that the addition of 0.040
and 0.10 mol dm−3 phosphate increases the induction time at 45°C by
factors of ∼6 and ∼10, respectively (compared with corresponding
factors of 9.2 and 14.6 for arsenate). Likewise at 70°C the induction
time increases by factors of 2.2 and 5.1 with respect to the additive-
free catholyte for the addition 0.040 and 0.10 mol dm−3 phosphate,
respectively (compared with corresponding factors of 3.3 and 7.7 for
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Figure 1. Induction time for precipitation of VFB catholyte plotted against the
concentration of added KH2AsO4 for a series of temperatures as indicated. The
catholyte solution was 1.60 mol dm−3 VV in H2SO4; the sulfate concentration
was 4.16 mol dm−3.
arsenate). Thus arsenate has a stronger stabilizing effect than phos-
phate.
The effects of added arsenate and phosphate are compared in Fig. 3.
Values are plotted on a log-linear scale and similar trends to those
for additive-free catholyte10–12 can be observed. It can be seen from
Fig. 3 that the effect of adding 0.020 mol dm−3 arsenate is similar
over most of the temperature range to the effect of adding 0.070 mol
dm−3 phosphate. The induction times for a catholyte with 0.070 mol
dm−3 added arsenate are also plotted in Fig. 3 and comparison of these
with the corresponding values for 0.070 mol dm−3 added phosphate
shows that induction times are higher for the arsenate by an average
factor of 2.6 over the temperature range investigated. Thus arsenate
is clearly more effective than phosphate. A more detailed comparison
of the effects of arsenate and phosphate and analysis of the effect of
temperature will be published later.
Figure 2. Induction time for precipitation of VFB catholyte plotted against
the concentration of added H3PO4 for a series of temperatures as indicated.
The VV and sulfate concentrations were as in Fig. 1.
Figure 3. Comparison of the effects of arsenate and phosphate over the tem-
perature range 35–70°C: (a) additive-free; (b) 0.070 mol dm−3 H3PO4; (c)
0.020 mol dm−3 KH2AsO4; (d) combination of 0.072 mol dm−3 H3PO4 and
0.020 mol dm−3 KH2AsO4; and (e) 0.070 mol dm−3 KH2AsO4. The VV and
sulfate concentrations were as in Fig. 1.
We also investigated the effect of mixed arsenate and phosphate
additives. Fig. 3 shows the effect of a combination of 0.072 mol dm−3
H3PO4 and 0.020 mol dm−3 KH2AsO4. Over the range of tempera-
tures investigated, the average induction time for the mixed additive
is greater by a factor of ∼2 than the corresponding induction times for
either 0.070 mol dm−3 phosphate or 0.020 mol dm−3 arsenate.
Although the effects of species such as sulfate (at high concen-
trations) and phosphate (at relatively low concentrations) in improv-
ing the thermal stability of VFB catholytes have been reported,12,14,15
the mechanism is not well understood. It is clear from our results13
that arsenates also have a stabilizing effect, even stronger than that
of phosphates. Arsenates may not be practical additives not only be-
cause of their toxicity but also because they may cross the membrane
and deposit on the negative electrode. However, the observation of
their stabilizing effect is important because it suggests that elements
in Group V of the periodic table, such as phosphorus and arsenic, in
the +5 oxidation state (e.g. H2PO4– and H2AsO4–) have particular
properties in stabilizing VFB catholytes and this may give some clues
to understanding the mechanism.
We speculate that other Group-V elements (antimony and bismuth)
may have similar effects. It may, however, be difficult to find com-
pounds with antimony and bismuth in the +5 oxidation state which
are stable and sufficiently soluble. We have tested nitrate (NO3– added
in the form of nitric acid) and found no stabilizing effect. This shows
that the first-row Group-V element is different in this regard from its
second- and third-row congeners.
Summary
Using our standard accelerated testing methodology in the range
30–70°C, we have shown that arsenate (KH2AsO4) has a strong effect
in improving the thermal stability of VFB catholytes. The effect in-
creased continuously with increasing arsenate concentration from 0 –
0.10 mol dm−3. We obtained similar results for phosphate (H3PO4) but
the magnitude of the effect was greater for arsenate. A combination of
arsenate and phosphate was also effective. Based on these results, we
speculate that other Group-V elements in the +5 oxidation state may
also have stabilizing properties for VFB catholytes.
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